ABSTRACT: Light-metal hydrides, like MgH 2 , remain under scrutiny as prototypes for reversible H-storage materials. For MgH 2 , we assess hydrogen desorption/adsorption properties (enthalpy and kinetic barriers) for stepped, catalyst-doped surfaces occurring, e.g., from ball-milling in real samples. Employing density functional theory and simulated annealing in a slab model, we studied initial H 2 desorption from stepped surfaces with(out) titanium (Ti) catalytic dopant. Extensive simulated annealing studies were performed to find the dopant's site preferences. For the most stable initial and final (possibly magnetic) states, nudged elastic band (NEB) calculations were performed to determine the H 2 -desorption activation energy. We used a moment-transition NEB method to account for the dopant's transition to the lowest-energy magnetic state at each image along the band. We identify a dopantrelated surface-desorption mechanism that reloads via bulk H diffusion. While reproducing the observed bulk enthalpy of desorption, we find a decrease of 0.24 eV (a 14% reduction) in the activation energy on doped stepped surface; together with a 22% reduction on a doped flat surface, this brackets the assessed 18% reduction in kinetic barrier for ball-milled MgH 2 samples with low concentration of Ti from experiment.
I. INTRODUCTION
Interest continues in MgH 2 as a prototype of on-board hydrogen (H) storage material. This study, and others, 1−6 reflects the continuous efforts to improve the H 2 charge/ discharge thermodynamics and kinetics. The poor thermodynamics and less-than-desirable kinetics of MgH 2 keep this promising material from being used as a commercially viable automobile fuel-cell material for on-board H storage, especially when metal-hydrides with higher H gravimetric density 7−9 (includes mass of the storage system) are more desirable. As with most storage materials, catalysts are needed at the surface of MgH 2 to reduce the high activation energy of H 2 desorption. 10−21 Thus, MgH 2 is an ideal prototype to study catalytic doping and its affect on kinetics. To improve surface-desorption kinetics of MgH 2 , it is critical to study mechanisms with model structures that replicate those relevant to experiment. In particular, defected surfaces with steps and kink sites are present in nonideal MgH 2 surfaces addressed in experiment, 21 and should be properly incorporated into models to accurately predict or reproduce experimental results.
Recently, density functional theory (DFT) results were validated to show that the energetics of H 2 adsorption/ desorption in MgH 2 , including the kinetic activation energies, agree with experimental assessments. 22−26 Here we develop a framework for studying desorption from a catalyst-doped surface of MgH 2 with a (110) × (1̅ 10) stepped surface defect, one of the low-energy steps found in our studies. Using a large terrace, we model systems with low dopant content needed to keep a high gravimetric density for the storage material. We did an exhaustive search for the most stable Ti sites and found lowenergy configurations with Ti dopant on the terrace, step edge, or kink sites. We then performed nudged elastic band (NEB) calculations 27, 28 to explore H 2 -desorption mechanisms. A moment-transition NEB (MTNEB), an extension of our previous work, 13 is used to account for transition of dopants to the lowest-energy magnetic state at each image along the band, and determine H 2 -desorption barriers. We identify a dopantrelated desorption mechanism that reloads via bulk H diffusion. For a single Ti dopant in our supercell, we present decreases in barriers from 5 to 15% relative to the undoped MgH 2 , depending on dopant configuration. For example, one highly favored barrier of 1.53 eV on the stepped surface with Ti gives a 0.24 eV (or 14%) reduction from that for pure MgH 2 . For a flat MgH 2 (110) surface, Wang and Johnson 13 found the desorption activation energy went from 1.83 to 1.42 eV when a Ti dopant was added (a 0.41 eV, or 22%, reduction due to Ti). These results bracket the experimentally observed 18% reduction in activation energy for low-energy ball-milled MgH 2 samples mixed with low concentration Ti. 21 Thus, our DFT results predict well both the thermodynamics and kinetic barriers associated with H 2 adsorption/desorption.
II. COMPUTATIONAL DETAILS
We perform DFT total-energy calculations using the Vienna Ab-initio Simulation Package (VASP) 29−32 that employs a plane-wave basis with 250 eV kinetic-energy cutoff and projector augmented wave (PAW) basis-set. 33 We used a 1 × 1 × 1 k-point mesh (Γ-point only) for calculations on the large 450-atom supercell to model a (110) × (1̅ 10) stepped surface of MgH 2 . The total energy changed by less than 1 meV when a 2 × 2 × 1 k-point mesh was tested. Figure 1 shows the supercell of the stepped surfaces highlighted with the translation vector that connects neighboring step edges. The supercell dimensions are 18.1 Å × 16 Å in the plane of the step (with a 3.2 Å step face), and 28.7 Å in the direction normal to the step. The vacuum direction is normal to the step plane and the vacuum spans ∼13 Å. The stepped slab was made five trilayers deep with 4 Mg rows making the terrace, each row consisting of 6 Mg atoms. Except for the bottom trilayer atoms frozen to bulk positions, all atoms are allowed to relax until the absolute magnitude of force is less than 0.02 eV/ Å. The choice of where to place the (110) × (1̅ 10) step is not unique. In Figure 1a the kink Mg are below atop H (greater distance in the z-direction to the attached H), while in Figure 1b the kink Mg are below bridging H. Figure 1a shows the three primitive lattice vectors
3 of the bulk MgH 2 rutile unit cell. Rutile has a tetragonal lattice; all three of the primitive lattice vectors are mutually orthogonal. Because the frozen atoms at the bottom of the slab with a step break the symmetry of the bulk rutile structure, we have explicitly defined viewing directions in Figure 1b 
3 ) to aid the description of the movements in the reaction mechanisms that follow. All mechanisms will be described in the same viewing orientation presented in Figure 1 (with surrounding atoms not shown for clarity).
Calculations were performed with and without spin-polarization as detailed in the results. Perdew−Wang generalized gradient approximation (PW91) 34 was used for the exchangecorrelation functional; the same has been used to predict hydrogen-storage reactions 35 and structure 36 that are in good agreement with experiments. For kinetic barrier study of H 2 desorption, zero-point energy is largely canceled between initial and final states, and does not affect the relative changes of barrier heights.
22
To implement simulated annealing and explore the large configurational space for possible low-energy structures, we performed ab initio molecular dynamics (MD) for 200 steps with a time step of 10 fs using the Nose−Hoover thermostat at system-dependent temperatures high enough to explore configurations of different hydrogen coordination numbers but low enough to prevent the loss of the dopant site (here 1000 K, 700 K, and/or 400 K). All atomic masses were set to the same (195 au) to explore coordinate arrangements efficiently. Low-energy candidate configurations obtained from the potential energy versus time were fully relaxed via conjugate gradient at 0 K. Low-energy configurations were either found to be sufficiently stable at this point or used as input for the next iteration, which provides reliable convergence toward lowest-energy structures. 37 For the NEB calculations, we used the quick-min optimizer to move the system under the NEB forces toward the minimum energy path (MEP). 28 The climbing image algorithm was also used with the NEB calculations to move the highest energy image toward the saddle point along the reaction coordinate. 27 Eleven images in total were used to explore the potential energy surface along the MEP. A spring force constant of 5 eV/ Å 2 was used. Forces were converged below 0.05 eV/Å. It has been found that [activation] energy changes within a tenth of DFT error when improving the force convergence criterion from 0.05 eV/ Å to 0.02 eV/Å. 13 To include the direct effects of changing magnetization along a MEP, we developed a MTNEB formalism whereby the influence of the magnetic moment of the atoms participating in the mechanism on energy is included directly for each image along the trajectory. 13 Our MTNEB routine calls for (1) explicit constrained moment NEB runs for low-energy magnetic states, followed by (2) a so-called MTNEB run, where each NEB image along the reaction coordinate is initialized to have the lowest-energy configuration for that step with the associated moment (from the moment-constrained NEB results). For this MTNEB run, the moment is no longer constrained, and the system relaxes to the MEP with each image reaching the most stable magnetic state along the path. 
III. RESULTS
III-A. Unique Catalytic Dopant Sites. Table 1 shows the results of simulated annealing on the stepped surfaces (the site labels in the first column of Table 1 are defined in Figure 2) and the NEB results with constrained magnetic moments on low-energy configurations. Each unique site for the catalytic dopant was treated with a separate simulated annealing routine. The results are compared in Table 1 (see table caption for the definition of each structure name from the first column). The list appears in ascending order of energy (see column three, "Initial State") starting with the lowest-energy structure used as the energy zero reference. The total magnetic moment of the 450-atom supercell is given in the second column. The activation energy and final state energy for the desorption mechanism of a H 2 leaving from the Ti catalyst with a constrained magnetic moment are given for all cases that have a sufficiently low-energy initial state. We found that Ti prefers to be on the surface or in a kink site and so desorption mechanisms for subsurface Ti were not considered. A Ti-doped MgH 2 (110) surface has the lowest energy with the total moment of 0 μ B or 2 μ B , because Ti only has two d-electrons.
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So here we focus on these two magnetic states.
For the mechanisms studied, we show below that there are either one or zero transition states with energies that are on the same order of the difference between the initial and final state. Therefore, for clarity, only the largest barrier along the reaction coordinate is reported for each mechanism in Table 1 .
The 10 unique sites ( Figure 2 ) for a dopant in the (110) × (1̅ 10) single-stepped structure were studied for site preference for low at % dopant. Figure 2 gives the naming convention used for each site. Simulated annealing showed that the structure is most stable with Ti on the surface, on the step edge or at a kink site. We find cases where Ti is below the surface (in the second trilayer) are higher in energy. Stable Ti sites demonstrate a total moment of 2 μ B for the supercell in all but two cases, where 0 μ B is preferred (Table 1) .
III-B. Electronic Structure Surrounding Catalytic Dopant. With a Ti dopant accessing two magnetic states (0 and 2 μ B moments) along a transition pathway, we establish via the electronic structure the spatial extent of the magnetization and what role it plays in H 2 desorption. Spin-polarized, siteprojected density of states (DOS) in Figure 3 shows a contribution to the moment from the Ti 3d-orbitals peaks just below the Fermi level. From the DOS, Ti in K b 7 clearly has a slightly larger moment than that in R3. This can be seen clearly by viewing the localized spin density on the Ti of K b 7 in the cross-section shown in Figure 4 relative to the more delocalized spin density of R3 m (R3-like structure) in the cross-section shown in Figure 5 . The vacancies left by the in-plane H from the second trilayer of the R3-like structure contribute to the moment.
From spin-density isosurfaces and cross sections for the supercell, we confirm that moments are centralized around the Ti dopant, and there will be a need for MTNEB to explore the influence of the magnetic moment on energy and the H in the vicinity of Ti during desorption. The spin density in Figure 4 shows that the largest contribution to the moment in the K b 7 configuration comes from the volume surrounding the Ti. a Site labels are given in Figure 2 .
Step and kink sites from Further out, we find spin density isosurface at 0.005 e/Å 3 , located at vacancies in the second trilayer in-plane H sites where (as discussed later) 2 H diffused upward to be closer to Ti. A very small spin density is even visible on the bridging H of the third trilayer. In Figure 5 , we see a cross section of spin density that reinforces that the highest spin density (0.05 e/Å 3 ) is closest to Ti.
We have shown that the magnetic moment is mostly on Ti and only slightly spilled over to the H and H-vacancies surrounding the Ti. Thus, whenever a moment is present, it will interact with the H desorbing from the Ti [catalytically active] site. Therefore, it is necessary to test all relevant magnetic states for low-energy configurations along the reaction coordinate. Next, we present the results of MTNEB to find the MEP along the potential energy surface, exploring the transition of the possible magnetic states found.
III-C. Catalyzed Reaction Mechanisms and Activation Energies. Extensive testing was done on the relative stability of final states (by choosing different desorbing H pairs) to inform which mechanism had the smallest lower bound on the activation energy. This provided us with highly relevant NEB final states. Figure 6 shows snapshots of the mechanism for H 2 desorption from R3 m . In the initial configuration (see close up embedded in graph in Figure 6 ; H's are blue, Ti is red), the Ti has an HCN of 8, and the H's are in positions reminiscent of the vertices of a square antiprism. The surface of R3 m has rearranged so the two bridging H's and the two in-plane H's around the Ti all become equal participants in the top square of the square antiprism (one easy way to see that the four H's are not equivalent is to note that there is a step face in the [11̅ 0] direction and a step cliff in the [1̅ 10] direction).
The initial state (image 0), transition state (image 5), and final state (image 12) for H 2 desorption from R3 m are shown in the right panels in Figure 6 , as well as image 2 to highlight that early in the mechanism H coordinated to Ti rotate counterclockwise along the [001̅ ] axis (normal to the page) to accommodate the upward movement of H.I (see Roman numeral labels in figure for H coordinated to the Ti). H.I and H.VIII were in-plane H from the second trilayer that migrated to the surface (see initial state). This is clearly a precursor to desorption as we observe that the H nearby diffuse toward the Ti to replace the H that desorbed. In addition, this completed the square antiprism-like arrangement of H around the Ti.
Starting with image 5, the transition state (after the desorbing H's have broken their bond with Ti), we see H.VI, H.VII, and H.VIII begin a clockwise rotation. Here H.VI and H.VII begin replacing vacancies left by the desorbed H. Note that H.I continues to migrate upward throughout the entire transition pathway, also filling in part of the vacancy left by the desorbing H. This mechanism is how Ti reloads its Hcoordination during desorption, requiring only bulk diffusion with its small diffusion barrier (approximately half the barrier for desorption from surface). This mechanism is in line with the concerted motion of surface H 2 -desorption and H bulk diffusion reported in our previous study. 13 Here with a larger cell and more degrees of freedom to relax, we are able to show that the complete creation of two H vacancies underneath a Ti catalytic site is indeed preferred. Such a mechanism is not restricted to Ti. A similar process where H is repopulated via diffusion at a Fe site in MgH 2 , after Fe loses H to desorption, was found in a recent theoretical work. The desorption mechanism for S′ shown in Figure 7 is endothermic; however, the energy increases at every step (from images 7 to 8 there was a decrease, but within DFT error) so there is no barrier. Nonetheless, we are still interested in the MEP the atoms took while an H 2 molecule was formed, as this is relevant for determining the effect Ti has on shuttling the H during H 2 -desorption.
Notice at the initial state we see H.VI and H.V reaching toward the vacuum to fill "vacancies" that would be filled by inplane H if the terrace continued. In this reaction, H.III and H.IV move toward [1̅ 10] to fill in the space created by desorption and H.II moves upward to fill in the space left by H.III and H.IV. One other key feature of the mechanism is that the in-plane surface H.I moves down to be closer to Ti. This again shows the flux of H toward the catalyst after desorption from the site begins. All of these effects can be seen in this straightforward mechanism shown in Figure 7 by comparing the initial and final states. A mechanism with the same initial configuration as Figure 7 for S′ is shown in Figure 8 for S″. Here H.V and H.VI are removed (see inset on graph of Figure 7 ). For S″, there is not a barrier providing a transition state upon which to focus. For that reason and to note that S′ and S″ are simply different choices of H pairs for desorption, we mention (without adding clutter to Figure 8 ) that S′′ desorption is a very straightforward mechanism where H.I, H.III, and H.IV (see Figure 7 inset) all drift toward [1̅ 10] to compensate for the "vacancies" left by H.V and H.VI (H.III, and H.IV move just to the [1̅ 10] side of the step face, and H.I moves along [1̅ 10] to a point above the initial positions of H.III, and H.IV).
For the MTNEB study, we down selected from Table 1 to only low-energy initial state structures with a HCN higher than 6, which excludes R1. Also we screened out K because the barrier for both constrained moment runs is too high; otherwise, all kink and step sites were studied to explore the full set of surface defects. Table 2 shows that the lowest activation energy, 1.53 eV, found for desorption from a Ti site on the (110) × (1̅ 10) stepped surface in the R3 m structure. (We neglect the K b 8 case with its 1.50 eV barrier because its initial state is up to 0.93 eV higher than the more stable initial states of the other structures). As discussed, after initial constrained moment NEB tests, we down selected the ones that had lower activation barriers for MTNEB testing. Nonetheless, we report in Table 1 the initial state energy of all of our structures so it can be seen that the MTNEB provided are on systems with thermodynamically relevant initial states.
We also tested desorption of H from the (110) × (1̅ 10) stepped surface supercell but with Mg put back in place of the Ti dopant (i.e., the pure MgH 2 stepped surface). We created the stepped surface cut from ideal bulk positions, relaxed the structure, and then performed desorption of a bridging H and a contiguous in-plane H near a terrace site. The first image of the pure MgH 2 NEB gave the minimum along the reaction path (−0.008 eV). Image 4, the highest energy image, was 1.77 eV above the energy from the first image. Taking this activation energy of 1.77 eV from our pure MgH 2 stepped surface relative to our R3 m barrier of 1.53 eV for the doped system, we see a decrease of 0.24 eV by adding a single Ti dopant in the cell, a 14% reduction. We use the activation energy of 1.77 eV from our pure MgH 2 stepped surface, as described above, for the undoped reference for all cases determining the extent of barrier changes with the addition of Ti. For S″ and R3 we see, respectively, a 9% and 5% decrease in the barrier. The outlier cases K b 8 and K b 7 (upon adding a Ti, the K b 8 barrier decreases by 15% and the K b 7 actually undergoes an increase in barrier) will be discussed below; we will see that the former has a highly unstable initial state contributing to its low barrier, and the latter is a highly stable structure with a high barrier for desorption.
These results can be compared to the study by Wang and Johnson, 13 where they used a smaller slab to mimic a flat MgH 2 (110) surface. For that work, the desorption activation energy went from 1.83 eV for removal of a bridging H and a contiguous in-plane H in the pure MgH 2 case, to 1.42 eV for desorption after Ti was added. The decrease of the activation energy by 0.41 eV is a 22% reduction.
Experimentally, an 18% reduction in activation energy was assessed for ball-milled MgH 2 mixed with 1 atom % Ti. 21 Hence, clearly, our DFT results predict well both the thermodynamics and kinetic barriers associated with H 2 adsorption/desorption. From experiment, a 0.46 eV reduction of barrier from 2.58 to 2.12 eV was found. Lu et al. discuss that they have activation energies on the high end possibly due to their use of low-energy ball milling. Our theoretical results in the reduction of kinetic barrier for H 2 desorption due to Ti dopant on stepped and flat surfaces bracket the experimental reduction in activation energy at low Ti concentration in MgH 2 .
The last two MTNEB runs, Figures 10 and 11 , will show the desorption mechanisms for K b 7 and K b 8 . However, there is an interesting trade-off at play in these two systems which we will highlight ( Figure 9 ) before discussing the mechanisms in Figures 10 and 11 .
Recall from Table 1 that K b 7 and K b 8 are the lowest and highest energy structures found, respectively; and in Table 2 it showed that K b 7 and K b 8 have the highest and lowest activation energies, respectively. Figure 9a shows that the stability of K b 7 can be understood in terms of the reconstruction (in the absence of two bulk-nearest-neighbor directions) that the step-atoms are free to undergo to stabilize the Ti site. However, it is clear that Table 1 , the initial states are all reported relative to K b 7 , but the activation energy and final state for a given site is relative to the initial state for that site. "n.b." means "no barrier"; energy increases after each step (any decrease within DFT error). See figure caption for each mechanism for detail on the magnetic moment at each step along the MEP.
The Journal of Physical Chemistry C Figure 9b , is perturbed from equilibrium rutile sites considerably more (note the arrow pointing to a vacancy site in the subtrilayer providing an extra H around the Ti) causing the energy of the initial state to go up. The higher coordination number and lower stability of K b 8 allows for the lower activation barrier for H 2 desorption from that structure. Figure 10 shows the K b 7 NEB results. The lowest activation energy we found for this case involves one of the H (H.VIII from Figure 10 ) coming from Mg. The other H to leave was H.IV. Briefly, the activity locally around the Ti was such that at image 1 Ti moves up and H.VIII moves down creating a bond with Ti (which temporarily has a HCN of 8 The initial configuration of the mechanism in Figure 11 (i.e., K b
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) is actually quite close to that of R3 m : the Ti has a HCN of 8 and the H are in positions reminiscent of the vertices of a square antiprism, although, understandably, the distortion here is more pronounced with the Ti being on a kink site. After the first step of the mechanism (see image 1), H.VII has moved up toward [110] 7 but 0.03 eV lower in energy was produced during a NEB but gave a high activation energy (2.24 eV) for a different choice of H for desorption. So, K b 7 is still used as the zero of energy; the atoms in the new structure undergo a fairly rigid shift, leaving the bonding motif unchanged. The color scheme is the same as Figure 6 , but here black shows H's not bonded to Ti but involved in desorption.
IV. CONCLUSION
To theoretically investigate how to improve the poor kinetics of MgH 2 , we have studied the enthalpy and barriers controlling the H adsorption and desorption in MgH 2 . We have detailed the role of Ti catalyst dopants in reducing the energy barrier for desorption. We created a defected surface (step and kink sites) to model practical nonideal MgH 2 surface, as found in balledmilled samples.
Through simulated annealing, we found that the (110) × (1̅ 10) stepped surface of MgH 2 structure is lowest in energy when Ti is on the terrace, step edge or step kink site. Following annealing, a detailed electronic structure analysis was performed to determine the origin for stability and magnetic moment formation; in the cases shown, the moment resides in the area immediately surrounding Ti and therefore any desorption of H bonded to Ti will be affected by the moment in this system.
To account for magnetism effects on kinetic barriers related to the catalyst-dopant, we extended the NEB method to include moment transitions at each image along the band (a so-called Moment Transition NEB). The MTNEB enforces the most stable magnetic moments throughout separate NEB runs, and then used the lowest energy structure with its associated magnetic moment from each image to initialize a new NEB run where the moments are free to relax. We showed that MTNEB typically led to a lower energy MEP and/or lower activation energy than that for the moment constrained runs.
Although the calculated complete H 2 desorption enthalpy for doped MgH 2 agrees well with experiment, such thermodynamic energies do not reveal the initial desorption mechanism and its associated barriers. Here, we find a range of barrier reductions (5% to 15%) depending on step and doping configurations; a barrier even went up for one configuration. From MTNEB, we found a decrease of 0.24 eV in the activation energy for the most favored desorption mechanism (a 14% reduction), whereas a 22% reduction was found previously on a perfect terrace. Our results compare well and bracket the experimental finding of an 18% reduction in barrier for ball-milled MgH 2 with 1% Ti. 21 The key dopant-related desorption mechanism identified shows two H's desorb near the dopant at the MgH 2 terraces and steps, and these H's are continually "reloaded" from the subsurface via bulk H diffusion. 
